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Mrecl plays a role in mediating the DNA replication checkpoint. We surveyed replication elongation proteins that
interact directly with Mrcl and identified a replicative helicase, Mcm6, as a specific Mrcl-binding protein. The
central portion of Mrcl, containing a conserved coiled-coil region, was found to be essential for interaction with the
168-amino-acid C-terminal region of Mcm6, and introduction of two amino acid substitutions in this C-terminal
region abolished the interaction with Mrcl in vivo. An mcm6 mutant bearing these substitutions showed a severe
defect in DNA replication checkpoint activation in response to stress caused by methyl methanesulfonate. Inter-
estingly, the mutant did not show any defect in DNA replication checkpoint activation in response to hydroxyurea
treatment. The phenotype of the mcm6 mutant was suppressed when the mutant protein was physically fused with
Mrecl. These results strongly suggest for the first time that an Mcm helicase acts as a checkpoint sensor for methyl
methanesulfonate-induced DNA damage through direct binding to the replication checkpoint mediator Mrcl.

Progression of the DNA replication machinery along chro-
mosomes is a complex process. Replication forks pause occa-
sionally when they encounter genomic regions that are difficult
to replicate, such as highly transcribed regions, tRNA genes,
and regions with specialized chromatin structure, like centro-
meric and heterochromatic regions (17). Replication forks also
stall when treated with chemicals like methyl methanesulfon-
ate (MMS), which causes DNA damage, or hydroxyurea (HU),
which limits the cellular concentration of the deoxynucleoside
triphosphate pool (17). Because de novo assembly and pro-
gramming of the replisome do not occur after the onset of S
phase (18), DNA replication forks must be protected from
replicative stresses. The DNA replication checkpoint consti-
tutes a surveillance mechanism for S-phase progression that
safeguards replication forks from various replicative stresses
(22, 38, 40), and malfunction of this checkpoint leads to chro-
mosome instability and cancer development in higher organ-
isms (4, 9).

The Saccharomyces cerevisiae DNA replication checkpoint
mediator Mrcl is functionally conserved and is involved di-
rectly in DNA replication as a component of the replisome (1,
8, 16, 19, 29, 30). Mrcl, together with Tofl and Csm3, is
required for forming a replication pausing complex when the
fork is exposed to replicative stress by HU (16). The pausing
complex subsequently triggers events leading to DNA replica-
tion checkpoint activation and hence stable replicative arrest.
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A sensor kinase complex, Mec1-Ddc2 (ATR-ATRIP homolog
of higher eukaryotes), is then recruited to the complex (14, 16).
Mecl-Ddc2-mediated phosphorylation of Mrcl activates the
pausing complex, and phosphorylated Mrcl likely recruits
Rad53 (a putative homolog of CHK2 of higher eukaryotes),
which is then activated via phosphorylation by Mec1-Ddc2 (1,
16, 20, 30). Activated Rad53 subsequently elicits a stress re-
sponses, i.e., stabilization of replication forks, induction of
repair genes, and suppression of late-firing origins (24). It
remains unclear, however, whether DNA replication check-
point activation is induced in response to DNA damage by
MMS, a reagent commonly used to study the DNA replication
stress response. Several lines of evidence have suggested that
MMS-induced damage is also sensed directly by the replication
machinery (38, 40).

Although biochemical and genetic interaction data have
placed Mrcl at the center of the replication checkpoint signal
transduction cascade, its molecular function remains largely
unknown. The proteins Mrcl, Tofl, and Csm3 associate with
the Mcm complex (8, 27), a heterohexameric DNA helicase
consisting of Mcm?2 to Mcm7 proteins which unwinds the pa-
rental DNA duplex to allow replisome progression (3, 12, 18,
31, 32, 35). The Mcm complex associates with a specific set of
regulatory proteins at forks to form replisome progression
complexes (8). In addition to Mcm, Tofl, Csm3, and Mrcl,
replisome progression complexes include factors such as Cdc45
and the GINS complex that are also required for fork progres-
sion (13, 26, 31, 32, 39). Claspin, a putative Xenopus laevis
homolog of Mrcl, is also reported to associate with Cdc45,
DNA polymerase € (Pole), replication protein A, and two of
the replication factor C complexes in aphidicolin-treated Xe-
nopus egg extracts (19). Recently, Mrcl was reported to inter-
act directly with Pole (23).

The aim of this study was to provide mechanistic insight into
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TABLE 1. Strains used in this study

Strain Genotype fgflizl;?:iger
BY4741 MATa his3AI leu2 A0 met5A0 ura3A0 Invitrogen
MKY0027 MATa his3AI leu2A0 met15A0 ura3A0 mrclA:LEU2 16
MKY0029 MATa his3A1 leu2A0 met15A0 ura3A0 rad9A::LEU2 16
MKY0120 MATa his3AI leu2A0 met15A0 ura3A0 MRCI1-6His-3FLAG-loxP-KanMX-loxP 16
MKY0122 MATa his3A1 leu2A0 met15SA0 ura3A0 TRP::PGALI-mrcl(140-1096) KanMX::MRCI1-FLAG 23
MKYO0124 MATa his3AI leu2A0 met15SAO ura3A0 TRP::PGAL1-mrcl(312-1096) KanMX::MRC1-FLAG 23
MKY0126 MATa his3A1 leu2A0 met15SA0 ura3A0 TRP::PGALI-mrcl(567-1096) KanMX::MRCI1-FLAG 23
MKYO0128 MATa his3AI leu2A0 met15SAO ura3A0 TRP::PGALI1-mrcl(752-1096) KanMX::MRC1-FLAG 23
MKY0188 MATa his3AI leu2A0 met15A0 ura3A0 TOF1-6His-3FLAG-loxP-KanMX-loxP This study
MKY0192 MATa his3AI leu2A0 met15A0 ura3A0 TRP-PGAL1-MRC1-6His-3FLAG-loxP-KanMX-loxP This study
MKY0196 MATa his3AI leu2 A0 met15A0 ura3A0 csm3-6His-3FLAG-loxP-KanMX-loxP This study
MKY0239 MATa his3AI leu2A0 met15A0 ura3A0 CDC45-3HA::TRP1 16
MKY0688 MATa his3A1 leu2A0 met15A0 ura3A0 TRP::PGALI-MRC1 KanMX::mrcl(1-843)-FLAG 23
MKY0670 MATa his3AI leu2A0 met15SAO ura3A0 TRP::PGAL1-MRCI KanMX::mrcl(1-655)-FLAG 23
MKY0672 MATa his3A1 leu2A0 met15A0 ura3A0 TRP::PGALI-MRC1 KanMX::mrcl(1-418)-FLAG 23
MKY0674 MATa his3AI leu2A0 met15A0 ura3A0 TRP::PGALI1-MRC1 KanMX::mrcl(1-219)-FLAG 23
MKY1063 MATa his3AI leu2A0 met15A0 ura3A0 rad9A::ura3 memo6 1L9734A::LEU2 This study
MKY1074 MATa his3A1 leu2A0 met15A0 ura3A0 MRC1-6His-3FLAG-loxP-KanMX-loxP mem6 IL973AA::LEU2 This study
MKY1076 MATa his3A1 leu2A0 met15A0 ura3A0 TOFI1-6His-3FLAG-loxP-KanMX-loxP mcm6 1L973AA::LEU2 This study
MKY1078 MATa his3A1 leu2A0 met15A0 ura3A0 csm3-6His-3FLAG-loxP-KanMX-loxP mem6 IL973AA::LEU2 This study
MKY1098 MATa his3A1 leu2A0 met15A0 ura3A0 CDC45-3HA::TRP1 mcm6 1L973AA::LEU2 This study
MKY1225 MATa his3A1 leu2A0 met15A0 ura3A0 rad9A::ura3 memo6 IL973AA::LEU2 This study
MKY1227 MATa his3A1 leu2A0 met15SA0 ura3A0 rad9A::LEU2 MCM6-MRCI1::URA3 This study
MKY1229 MATa his3A1 leu2A0 met15A0 ura3A0 rad9A::LEU2 mem6 1L973AA-MRC1::URA3 This study
MKY1231 MATa his3A1 leu2A0 met15A0 ura3A0 MCMO6WT::URA3 This study
MKY1233 MATa his3A1 leu2A0 met15A0 ura3A0 rad9A::LEU2 MCMO6WT::URA3 This study

Mrcl function in the DNA replication checkpoint. For this pur-
pose, it was essential to identify, among all the essential proteins
in the replication machinery, a specific protein that interacts with
Mrcl and to examine the role of this interaction in the DNA
replication checkpoint. We found that Mrcl interacts with Mcm6
directly and specifically. When the interaction between Mrcl and
Mcm6 was impaired, cells no longer activated the DNA replica-
tion checkpoint in response to MMS-induced replicative stress.
Interestingly and unexpectedly, this interaction was not required
for DNA replication checkpoint activation in response to HU-
induced replicative stress. Our results provide the first mechanis-
tic evidence that cells use separate mechanisms to transmit rep-
licative stresses caused by MMS and HU for DNA replication
checkpoint activation.

MATERIALS AND METHODS

Saccharomyces cerevisiae strains and plasmids. Strains and primers used for
cloning, tagging, and mutagenesis in this study are listed in Tables 1 and 2,
respectively. All strains constructed in this study were derived from strain
BY4741. Construction of C-terminally tagged strains and mutants with deletions
of Mrcl, Tofl, and Csm3 was performed as described previously (16). All tags
were integrated at the 3" end of the gene by homologous recombination at their
original chromosomal loci (21). Strains expressing tagged proteins were checked
for doubling times and HU and MMS sensitivities to ensure that the tagged
genes behaved like their untagged counterparts. Mrcl deletion mutants were
constructed as described previously (23).

Manipulations and growth of Saccharomyces cerevisiae were based on standard
procedures. Strains carrying combinations of multiple mutant alleles were gen-
erated by genetic crosses. Cells were grown in YP (yeast extract-peptone) me-
dium supplemented with either 2% dextrose, 2% raffinose, or 2% galactose.

Cell synchronization. Strains were arrested in G, phase by supplementing the
media of exponential cultures with 10 wg/ml a-factor. Synchronized cells were
released from G, into fresh YPD (YP plus dextrose) to grow for 40 min when all
cells showed S-phase DNA content by flow cytometry. Flow cytometry was
carried out as described previously (11).

Antibodies. Antibodies against Mcm2 and Rad53 were purchased from Abcam
(Cambridge, United Kingdom). The Mcm6 antibody was a custom antibody
raised against two peptides of yeast Mcm6 (GLDSQIGSRLHFPS and EIHGT
RHNLRDLENE).

The antibody against Dpb2 was raised against full-length yeast Dpb2. The
DNA fragment spanning the entire DPB2 open reading frame (ORF) was cloned
into pET20b(+) and used for expression in Escherichia coli. Dpb2, which was
insoluble after cell disruption, was separated by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE), eluted from the gel, and used to
immunize rabbits.

IP assays. Coimmunoprecipitation (co-IP) analysis of wild-type or mutant
Mcm6IL was performed using strains expressing FLAG-tagged versions of Mrcl,
Tof1, or Csm3. Samples (2.0 X 10° cells) were collected by centrifugation, and
extract was prepared as described previously (16). The cells were crushed by glass
beads in 400 wl lysis buffer (50 mM HEPES-KOH, pH 7.4, 150 mM NaCl, 5 mM
MgCl,, 10% glycerol, 0.25% [wt/vol] NP-40) containing protease inhibitors (1%
protease inhibitor cocktail [Sigma] and 1 mM phenylmethylsulfonyl fluoride) and
cleared by centrifugation to yield whole-cell extract. Whole-cell extract total
protein (6 mg) was incubated with 6 pg of antibody, as indicated in the figures,
for 3 h at 4°C. The anti-FLAG antibody was from Sigma-Aldrich. Precipitation
was carried out with prewashed protein A beads (GE Healthcare) for 3 h at 4°C.
To degrade chromosomal DNA in cell extracts, DNase I (Takara) was added to
a final concentration of 200 U/ml and incubated for 1 h at 4°C before IP. DNA
degradation was confirmed by agarose gel electrophoresis and ethidium bromide
staining.

Antibody-bound fractions were suspended in a minimal amount of SDS load-
ing buffer (93.75 mM Tris-HCI, pH 6.8, 3% sodium lauryl sulfate, 15% glycerol,
5% 2-mercaptoethanol), and half the sample was analyzed by SDS-PAGE using
an enhanced chemiluminescence detection reagent (Amersham). Whole-cell ex-
tracts corresponding to approximately 100 pg total protein were also analyzed.

RESULTS

Specific interaction between Mrcl and Mcm6. Mrcl is a
component of the biochemically defined replisome progression
complex that functions during S phase (8), and Mrcl also
reportedly forms a complex with individual Mcm proteins (27).



5010 KOMATA ET AL.

MoL. CELL. BIOL.

TABLE 2. Primers used

Primer

Application

Sequence

MRC1 FLAG F

MRC1 FLAG R

GAL MRC1 F4

GAL MRC1 R2

MCM6 F
MCMG6(1-969) R
MCM6(1-917) R
MCMG6(1-813) R
MCMG6(1-704) R
MCMG6(1-1010) R
MCMG6(1-980) R
MCM6(969-1017) F
MCMG6(850-1017) F
MCMG6(836-1017) F

MCM6 R
MCMG6IL F

MCMB6IL R
MCM6-MRCI fusion F
MCM6-MRCI fusion R
mrcl dl

mrcl d2

rad9 d1

rad9 d2

Tagging

Tagging

GAL promoter

GAL promoter

pEG(KT)-MCM6

pEG(KT)-MCM6(1-969)
pEG(KT)-MCM6(1-917)
pEG(KT)-MCM6(1-813)
pEG(KT)-MCM6(1-704)

pEG(KT)-MCM6(1-1010)
PEG(KT)-MCM6(1-980)

PEG(KT)-MCM6(969-1017)
pEG(KT)-MCM6(850-1017)

pEG(KT)-MCM6(836-1017)

pEG(KT)-MCM6
Amino acid substitution

Amino acid substitution
Ylplac fusion

Ylplac fusion

Deletion

Deletion

Deletion

Deletion

TATAATATTTGTCTTATAAAATCCTATCATAACATGACTATGGCTTGGC
CTAGACTCGGGTGCCATCTTTTTTAATGCGACTACTTCAAGACACTT
CTGACTATAGGGAGACCGGCAGATC

CTATGGCTTGGCCTAGACTCGGGTGCCATCTTTTTTAATGCGACTACTT
CAAGACAGCTTCTGGAGTTCAATCAACTTCTTCGGAAAAGATAAAA
AACCAACTATAGGGAGACCGGCAGATC

TAGCATTTCAAACACATTATGTTGGAAAAAAACCAAGAACAGACAAA
CAACTAAGGAAGTTCGTTATTCGCTTTTGAACTTATCACCAAATATT
TTAGTGGAATTCGAGCTCGTTTAAAC

TATTATCGTTCTCATCTAGTATGGGAACAGCAACTTTTTTGTAGGTGG
TAGTTCTCTTCTTTGCAGTCAACGAGGACAAAGCATGCAAGGCATC
ATCCATCATTTTGAGATCCGGGTTTT

GGTGGTGGTGGTTCTAGACATGTCATCCCCTTTTCCAGCTGACACACC
AAGC

GGTGGTGGTGGTGTCGACTTAGACCAACCTTTTTATGACTTTGAACGC
TAATCTTCTC

GGTGGTGGTGGTGTCGACTTAAACGATCATGTTCATCATGGACACAT
ATTTATCATACG

GGTGGTGGTGGTGTCGACTTAAGCCCTCGCAATAGCTTCTGATAATCT
AATCATAC

GGTGGTGGTGGTGTCGACTTACGGTGCGGTCATATTTAAATTACCCCT
CAGTGATAG

GGTGGTGGTGGTGTCGACTTATTGATCCAAAACCTCACAGTTTGGATG

GGTGGTGGTGGTGTCGACTTAGGTACCATGAATCTCCATTAAAATCC

GGTGGTGGTGGTTCTAGACATGGTCAAAGATAGGATTTTAATGGAG
ATTC

GGTGGTGGTGGTTCTAGACATGGATAACATAGAGAGTCAAAGTCA
CGCC

GGTGGTGGTGGTTCTAGACATGCGTGGTGATGTGGATGATGTGGA
AATG

GGTGGTGGTGGTGTCGACTTAGCTGGAATCCTGTGGTTCCAATTG

AAAGGTTGGTCAAAGATAGGGCTGCAATGGAGATTCATGGTACC
AGAC

GTCTGGTACCATGAATCTCCATTGCAGCCCTATCTTTGACCAACCTTT

GGTGGTGGTGGTGGATCCGATAACATAGAGAGTCAAAGTCACGCCGC

GGTGGTGGTGGTGTCGACGCTGGAATCCTGTGGTTCCAATTGATCC

TAGCATTTCAAACACATTATGTTGGAAAAAAACCAAGAACAGACAAA
CAACTAAGGAAGTTCGTTATTCGCTTTTGAACTTATCACCAAATATT
TTAGTGCCAACACCCGCTGACGCGCC

CTATGGCTTGGCCTAGACTCGGGTGCCATCTTTTTTAATGCGACTACTT
CAAGACAGCTTCTGGAGTTCAATCAACTTCTTCGGAAAAGATAAAA
AACCAACATTTCCCCGAAAAGTGCC

TTTGTTCGTGGATATTTGCAACGATGAGCAATGTGAAGTGAGCAAGA
TAGAGAAACGCCATAGAAAAGAGCATAGTGAGAAAATCTTCAACA
TCAGGGCTCCAACACCCGCTGACGCGCC

CGTGTGGGAGGATGTTCTTAGACTTAATTAAGAATCTCTAAATTTTTT
TTTATTTAATCGTCCCTTTCTATCAATTATGAGTTTATATATTTTTAT
AATTACATTTCCCCGAAAAGTGCC

We therefore searched for interacting partners of Mrcl among
the six Mcm proteins. To facilitate detection, we overexpressed
a glutathione S-transferase (GST)-tagged version of each com-
ponent of Mcm together with FLAG epitope-tagged Mrcl
under the control of the GALI promoter (21) and examined
their ability to interact with each other by co-IP (Fig. 1A).
Mrcl interacted with Mcm6 when Mrcl was used as either bait
or target reciprocally (Fig. 1A, lanes 11 and 17), but Mrcl did
not interact specifically with any other component of the Mcm
complex. Although we detected an interaction between Mcm7
and Mrcl only when Mrcl was used as the co-IP bait (Fig. 1A,
lane 18), Mcm7 was also immunoprecipitated by an antibody
against FLAG (anti-FLAG) from the control extract of an
untagged Mrcl strain (Fig. 1C, lane 14), suggesting that Mcm?7
IP was not the result of specific interaction with Mrcl. These

findings suggested that Mrcl associates with the Mcm complex
through direct interaction with Mcmo.

We narrowed the possible interacting regions within Mrcl
by using a set of Mrcl deletion mutants (23). Each Mrcl
deletion mutant had a FLAG tag and was overexpressed with
GST-Mcm6, and potential interactions were assessed by co-IP
(Fig. 1B). Mcm6 coimmunoprecipitated with a 655-amino-acid
N-terminal peptide fragment of Mrcl (Fig. 1D, lane 8) and
with a 784-residue C-terminal fragment (residues 312 to 1096)
of Mrcl (Fig. 1D, lane 18), suggesting that the region required
for interaction with Mcm6 resides in the central 344-residue
fragment of Mrcl (residues 312 to 655). We further tested this
possibility by overexpressing this 344-residue Mrcl peptide
together with individual Mcm proteins and examining their
ability to interact with each other by co-IP (Fig. 1B). Indeed,
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FIG. 1. Interaction of Mrcl with subunits of the Mcm complex. (A) Interaction of the full-length Mrc1 with various Mcm subunits. Cells were prepared that
overexpressed Mrcl-3XFLAG along with an individual GST-tagged Mcm subunit simultaneously. For this purpose, the promoter of chromosomal MRCI was
replaced by the GAL1 promoter, and each subunit of the Mcm helicase complex was expressed using a single-copy plasmid (25) and a GALI-promoter plasmid,
PEG (10). Whole-cell extracts (WCE) were prepared from asynchronous cells as described in Materials and Methods. IP using anti-FLAG and anti-GST was
carried out, respectively, and proteins in the WCE and the IPs were identified by SDS-PAGE and Western blotting. Lanes 1 to 6, overexpression of each protein
was confirmed by SDS-PAGE of WCE; lanes 7 to 12, IP by anti-GST; lanes 13 to 18, IP by anti-FLAG. Blots of IPs were probed with anti-GST in the upper
blot and with anti-FLAG in the lower blot on a separate gel. (B) Interaction of a central region of Mrcl (residues 312 to 655, including the first coiled-coil region)
with Mcm. N-terminal and C-terminal regions of chromosomal GAL1-MRC1 used in panel A were deleted as described in Materials and Methods. Each subunit
of the Mcm helicase complex was overexpressed from a single-copy plasmid as for panel A. Lanes 1 to 6, overexpression of each protein was confirmed by
Western blotting of WCE; lanes 7 to 12, IP by anti-GST; lanes 13 to 18, IP by anti-FLAG. IP was carried out as described for panel A. (C) Control experiments
to show nonspecific recognition of GST-tagged MCM proteins by anti-FLAG. WCE were prepared from asynchronous cells expressing an individual
GST-tagged Mcm subunit as described in Materials and Methods. IP of WCE was carried out with anti-FLAG or anti-GST, and proteins in WCE and IPs were
identified by Western blotting. Lanes 1 to 7, confirmation of overexpression of each Mcm protein; lanes 8 to 14, IP by anti-FLAG; lanes 15 to 21, IP by anti-GST.
Blots of IPs were probed with anti-GST (upper blots) or anti-FLAG (lower blots, from a separate gel). (D) Cells co-overexpressed each FLAG-tagged wild-type
(WT) and Mrc1 deletion mutant and GST-Mcm6 from GALI promoters. WCE were prepared from asynchronous cells as described in Materials and Methods.
IP with anti-FLAG was carried out, and proteins in the WCE and IPs were identified by Western blotting. Lanes 1 to 5 and 11 to 15, confirmation of
overexpression of each protein; lanes 6 to 10 and 16 to 20, IP by anti-FLAG. Blots of IPs were probed with anti-GST (upper blots) or anti-FLAG (lower blots,
from a separate gel). Deletion mutants of Mrcl are referred to in the figure and in the text by numbers corresponding to the amino acids contained in the
fragments expressed in the mrcl mutants.
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FIG. 2. Interaction of Mrcl with C-terminal deletion mutants of
Mcm6. (A) The C-terminal 168 residues of Mcm6 are sufficient for
interaction with Mrcl. Anti-FLAG IP was carried out on strains co-
overexpressing Mrc1-3XFLAG and C-terminal regions of Mcm6-GST,
respectively. The same construct as that in Fig. 1 was used for Mrcl
overexpression. Each C-terminal region of Mcm6 was overexpressed
from pEG as for Fig. 1. Lanes 1 to 3, overexpression of each protein
was confirmed by Western blotting of whole-cell extracts (WCE); lanes
4 to 6, IP by anti-FLAG. Blots of IPs were probed with anti-GST in the
upper blot and with anti-FLAG in the lower blot on a separate gel.
WCE were prepared, IP was carried out with the antibody indicated,
and proteins in the WCE and the IP were identified by Western
blotting. C-terminal regions of Mcm6 are referred to in the figure and
in the text by numbers corresponding to the amino acids contained in
the fragments expressed in the mcm mutants. (B) The sequence 969 to
980 in Mcmb6 is sufficient for interaction with Mrcl. The indicated
C-terminal mcm6 deletion mutants were tagged with GST, co-overex-
pressed with Mrcl, and analyzed for their ability to interact with Mrcl
as described for panel A.

Mrcl1(312-655), when used as bait or target, interacted with
Mcm6 (Fig. 1B, lanes 11 and 17). These data indicated that
Mrc1(312-655), which includes the first coiled-coil region, was
sufficient for interaction with full-length Mcm6. We also found
that Mrc1(312-655), used as target or bait, coimmunoprecipi-
tated with Mcm4 or Mcm3, respectively (Fig. 1B, lanes 9 and
14), suggesting that Mrc1 may also interact with these subunits
in a manner distinct from that of Mcmé.

A C-terminal region of Mcmé6 is responsible for interaction
with Mrcl. To determine the region of Mcm6 that interacts
with Mrcl, we generated a set of Mcm6 C-terminal deletion
mutants (Fig. 2). Initially, we found that the C-terminal 168-
residue (850 to 1017) fragment was sufficient for the interac-
tion with Mrcl (Fig. 2A, lanes 4 and 5), and finally the inter-
acting region was narrowed to less than 11 residues (Fig. 2B,
lanes 8 and 9). We compared amino acid sequences of Mcm?2,
-4, -5, -6, and -7 and found that Mcm6 has a unique C-terminal
extension containing an AAA™ ATPase motif (28) after the
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conserved MCM motif, and this region is the one responsible
for the interaction with Mrcl (Fig. 3A). Within the 11-residue
sequence, we mutated two hydrophobic residues (isoleucine
973 and leucine 974, Fig. 3B) to the smaller amino acid ala-
nine; we called this mutant Mcm6IL. Mcm6IL did not interact
with Mrcl (Fig. 3C, lanes 4 and 6), suggesting that at a mini-
mum these two residues are involved in the interaction with
Mrecl.

Amino acid substitutions encoded by mutations in MCM6
abolish the Mcm6-Mrcl interaction in vivo. We further inves-
tigated the importance of the putative Mrcl interaction site in
Mcm6 by mutating the cellular MCM6 gene to produce the
mutant protein Mcm6IL in vivo. We fused 3XFLAG to Mrcl,
expressed this 3XFLAG-Mrcl in cells expressing wild-type
Mcm6 or Mcm6IL, and then assessed the interaction between
3XFLAG-Mrcl and Mcm6 or endogenous Mcm2. The cells
were synchronized at G, phase and then released into S phase
for 40 min at 23°C. We confirmed that cells were in S phase by
flow cytometric analysis of the DNA content (Fig. 3D), and
whole-cell extracts were prepared. Mrcl did not interact with
Mcm6IL during S phase (Fig. 3E). Interaction of Mrcl with
another subunit of the Mcm complex, Mcm?2, was hardly de-
tectable in Mcm6IL mutant extracts, suggesting that the Mrcl
interaction with the Mcm complex as a whole depends on its
interaction with the Mcm6 subunit. A recent report showed
that the Pole complex interacts with the N- and C-terminal
regions of Mrcl (23). Thus, as a positive control for 3XFLAG-
Mrcl function, we verified whether this interaction was re-
tained in Mcm6IL mutant extracts and found that a subunit of
the Pole complex, Dpb2, indeed bound to 3XFLAG-Mrcl
(Fig. 3D), suggesting that the interaction between Pole and
Mrcl remained intact.

On the other hand, interactions of the Mcm complex with
other checkpoint mediator proteins, Tofl and Csm3, were not
affected in memo6IL mutant extracts (Fig. 3F). These data sug-
gested that Mcmo6IL specifically destabilizes the Mcm helicase
complex interaction with Mrcl but not with Tofl or Csm3.
Interestingly, cells expressing Mcm6IL showed no obvious de-
fects in cell growth under normal conditions.

The mem6IL mutant activates the DNA replication check-
point in response to HU. We next investigated the role of
Mrcl-Mcmb6 interaction in the DNA replication checkpoint.
First, we examined cell viability under replicative stress in-
duced by HU. Cells were synchronized in G, phase and then
released into S phase in the presence of 200 mM HU. The
protein Rad9 is a specific mediator of the DNA damage check-
point, and it can partly back up the function of Mrcl when
Mrecl is unavailable (7, 16); thus, we prepared a double mutant
of the mem6IL mutant and a rad9 deletion mutant (rad9A).
Unexpectedly, memo6IL cells were not sensitive to 200 mM HU
after 4 h of treatment in the absence of functional Rad9 (Fig.
4A). mem6IL cells carrying an mrcl deletion (mrclA) were no
more sensitive to HU than were mrclA cells alone (survival
rate, 60% [Fig. 4B]). The sensitivity of the mrcIA mutant to
HU differed from that reported previously (1) (survival rate,
~30%). This is probably due to the rad5-G535R missense
mutation in the W303 strain (6) used in the previous study (1).
Rad5 is a DNA helicase proposed to function in double-strand
break repair and postreplication repair (2, 41), and therefore,
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a-factor in G, phase and then released into S phase for 40 min at 23°C, and WCE were prepared. IP was carried out with anti-FLAG. Western
blot assays of the precipitates using antibodies against FLAG, Mcm2, Mcm6, and Dpb2 are shown. WT, wild type. (F) Interaction of Tofl and Csm3
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Tofl1-3XFLAG or Csm3-3XFLAG. 3XFLAG tag was fused to the 3’ end of the chromosomal gene encoding Tofl or Csm3. Lanes 1 to 4,

expression of each protein was confirmed by Western blotting of WCE; lanes 5 to 8, IP by anti-FLAG. Western blotting of the precipitates using
anti-Mcm?2 and anti-Mcm6.
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FIG. 4. Mcm6IL can activate the DNA replication checkpoint nor-
mally in response to HU. (A) Effect of the mcmo6IL, rad9A, and
mcemo6IL rad9A mutations on the viability of HU-treated cells. Cells
were arrested by a-factor in G, phase and then released into S phase
in the presence of 200 mM HU. Cell viability was measured by plating
on a YPD agar plate at the indicated times after HU addition. WT,
wild type. (B) Effect of the mcm6IL, mrclA, and mcm6IL mrclA
mutations on the viability of HU-treated cells. The procedure was the
same as that in panel A. (C) Rad53 phosphorylation was induced
normally in response to HU-induced replicative stress in the mcm6IL
rad9A double mutant. Cells were arrested in G, phase by a-factor and
then released into S phase at 23°C in the presence of 200 mM HU. The
samples were withdrawn at the indicated times, and cell extracts were
prepared. Rad53 was detected by Western blotting using anti-Rad53.
Phosphorylated Rad53 is indicated by a circled P.

mutation in rad5 may affect the strain’s sensitivity to genotoxic
stresses.

Activation of Rad53, a checkpoint effector kinase that is
phosphorylated in response to HU-induced replicative stress,
took place even in mcm6IL and rad9 double mutant cells as
effectively as in the wild-type cells (Fig. 4C). Full activation of
Rad53 in mrcIA cells was slightly delayed compared to that in
other strains, as previously described (1). These data suggested
that the mcm6IL mutant responded quite normally to HU-
induced replicative stress. To examine the effect of the
mem6IL mutation on Mrcl localization at replication forks, we
carried out chromatin IP on chip (ChIP-chip) analyses of Mrcl
and Cdc45. Because the mcm6IL mutant was insensitive to
HU, we used HU to obtain good synchronization of the rep-
lication forks at or near replication initiation sites (Fig. 5A and
B). Cells were arrested by a-factor in G; phase and then
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released into S phase in the presence of 200 mM HU to slow
the progression of DNA replication. ChIP using anti-FLAG
(for Mrcl to 3XFLAG) or anti-HA (for Cdc45-3XHA) was
performed for the wild-type and mcm6IL mutant strains, re-
spectively. Cdc45 binding profiles were analyzed to monitor
the positions of replication forks. Replication fork pausing
occurred normally in the mcm6IL mutant, and there were no
differences in the binding profiles of Cdc45 between wild-type
and mcm6IL mutant cells (Fig. 5A). There was almost no
difference in the amounts of Mrcl localized at replication
origins between the wild type and the mcmo6IL mutant, con-
firming that the mcmo6IL mutant has specific defects in its
ability to interact with Mrcl (Fig. 5B and C). To exclude the
possibility that these observations stemmed from activation of
the checkpoint response by HU, we analyzed the distribution
of Cdc45 and Mrcl in the absence of HU early during DNA
replication. Cells were arrested by a-factor in G, phase and
released into S phase for 45 min at 16°C to allow slow pro-
gression of S phase, as described previously (16). Both Cdc45
and Mrcl localized to early replicating origins, and there
were no differences in localization patterns of Cdc45 and
Mrcl between the wild-type and mcm6IL mutant strains
(Fig. 5D and E).

The mcm6IL mutant has a specific defect in the activation of
a checkpoint signal transduction cascade in response to MMS.
Because the mcm6 mutation did not affect cell sensitivity to
HU stress, we performed experiments as described above using
MMS, whose stress mechanism differs from that of HU. The
rad9 single deletion mutant was slightly more sensitive to MMS
than was the wild type (Fig. 5A). The mcm6IL rad9A double
mutant was highly sensitive to MMS compared to the mcm6IL
or rad9A single mutant. In contrast, the mcm6IL mrclA double
mutant was not more sensitive than the mrcIA single mutant
(Fig. 6A). We could not test the mrclA rad9A double deletion
mutant because it was lethal (1).

MMS slows down S-phase progression through activation of
the DNA replication checkpoint cascade (33, 34), and thus we
studied the effects of MMS in this regard. For all strains used
in this study, more than 70% of cells completed S phase by 50
min after release from G, arrest at 23°C (Fig. 3D). As ex-
pected, MMS blocked cell cycle progression during S phase in
wild-type cells (Fig. 7B), and the progression was partially
impaired in mrcIA or rad9A single mutants, as reported else-
where (1, 33) (Fig. 7B). S-phase progression also was partially
slowed by MMS in the mcm6IL mutant compared to that in the
wild type. In contrast, S-phase progression was not blocked by
MMS in the mcm6IL rad9A double mutant. In good agreement
with these results, MMS did not activate Rad53 in mcm6IL
rad9A cells (Fig. 6B and 7B).

To confirm that the mem6IL rad9A double mutant is defec-
tive for the DNA replication checkpoint in response to MMS,
we counted the number of cells proceeding through anaphase
in the presence of MMS (36). Cells were synchronized with
a-factor and released into medium containing 0.03% MMS for
90 min at 23°C. Most of the wild-type, mecm6IL mutant, and
mrclA mutant cells were arrested as large budded cells with
short spindles (Fig. 7E). In contrast, 12% and 38% of rad9A
and mcmo6IL rad9A cells, respectively, exhibited elongated
spindles, suggesting that mem6IL rad9A cells are defective for
the DNA replication checkpoint in response to MMS. More-
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FIG. 5. Replication fork arrest and Mrcl loading is normal in the
mem6IL mutant under HU-induced replicative stress. (A) Distribution
of Cdc45 on chromosome VI in the wild-type (WT) strain and mcm6IL
mutant strain in the presence of 200 mM HU. Cells were arrested in G,
phase by a-factor and then released into S phase at 23°C in the
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FIG. 6. The mecm6IL mutant cannot activate the DNA replication
checkpoint in response to MMS in the absence of rad9. (A) Effect of
the mrcIA and mcm6IL mrclA mutations on the viability of MMS-
treated cells. Cells were arrested by a-factor in G; phase and then
released into S phase in the presence of 0.03% MMS. Cell viability was
measured by plating on YPD at the indicated times after MMS addi-
tion. WT, wild type. (B) Rad53 is not phosphorylated in response to
MMS-induced replicative stress in the mem6IL rad9A double mutant.
Cells were arrested in G, phase by a-factor and then released into S
phase at 23°C in the presence of 0.03% MMS. Samples were with-
drawn at the indicated times, and cell extracts were prepared. Rad53
was detected by Western blotting with anti-Rad53. Phosphorylated
Rad53 is indicated by a circled P.

over, to examine the effect of the mem6IL mutation on pro-
gression of replication forks in the presence of MMS, we car-
ried out ChIP-chip analyses of Cdc45-3XHA. Cells were
arrested by a-factor in G, phase and then released into S phase

presence of 200 mM HU for 60 min. ChIP analysis was carried out as
described previously (1). Each blue bar represents the binding ratio of
Cdc45 at each locus and shows a significant enrichment in some of the
IP fractions. The yellow line represents the average signal ratio at loci
that are not enriched (gray bars) in each IP fraction. The scale of the
vertical axis is log,. Positions of the centromere (CEN6) and all pre-
viously mapped autonomous replicating sequences (ARSs) are shown.
The horizontal axis indicates the length of chromosome VI, in kilo-
bases. (B) Distribution of Mrcl on chromosome VI in the WT strain
and the mem6IL mutant strain in the presence of 200 mM HU. Cells
were prepared as described for panel A. (C) Efficiency of ChIP (ratio
of input versus IP) of the Mrc1-3XFLAG-chromatin complex as mea-
sured by quantitative PCR using primer pairs that specifically amplify
regions indicated by arrows in panel B. Each result is the average *=
standard deviation of two independent experiments. 259K, in kilo-
bases, indicates positions of PCR primers measured from the left end
of the chromosome. Mock control experiments were done following
the same protocol as that for the ChIP-chip experiments described
above but in the absence of the FLAG-tagged Mrcl. (D and E) Dis-
tribution of Cdc45 (D) and Mrcl (E) on chromosome VI in WT and
mem6IL cells in early S phase without replicative stress. Cells were ar-
rested in G, phase by a-factor and then released into S phase at 16°C for
45 min. ChIP-chip analyses were performed as described for panel A.
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FIG. 7. Effect of the mecm6IL mutation on the DNA replication checkpoint in response to MMS. (A) Effect of the mem6IL, rad9A, memo6IL
rad9A, and mem6IL-MRC1 rad9A mutations on the viability of MMS-treated cells. Cells were arrested by a-factor in G, phase and then released
into S phase in the presence of 0.03% MMS. Cell viability was measured by plating on YPD at the indicated times after MMS addition. WT, wild
type. (B) Effects of various mutations on cell cycle progression of MMS-treated cells. Cells were synchronized in G, by a-factor and then released
into S phase in the presence of 0.03% MMS at 23°C. At the indicated times, samples were taken for fluorescence-activated cell sorting analysis.
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in the presence of 0.03% MMS for 30 min at 23°C. ChIP-chip
analyses were performed for the wild-type, rad9A single mu-
tant, and mcm6IL rad9A double mutant strains (Fig. 7F). In
the wild-type and rad9A cells, Cdc45 localized around early
replicating regions. In contrast, very little Cdc45 localized to
forks in the mcmo6IL rad9A strain, suggesting that replication
forks were unstable in this double mutant. Furthermore, Cdc45
localized to the late-firing origin ARS603 (43) in the mcmo6IL
rad9A strain. Because the activity of the late-firing origin is
suppressed in response to DNA replication checkpoint activa-
tion by MMS (37), these data suggested that the mcmo6IL
rad9A double mutant is defective for activation of the DNA
replication checkpoint in response to MMS and could neither
stabilize replication forks nor suppress activity of a late-firing
origin. We thus concluded that the mcmo6IL mutation causes a
defect in the function of the Mcm/Mrcl complex specifically in
the activation of the DNA replication checkpoint in response
to MMS.

Expression of an Mcm6ILP-MrclP fusion protein com-
pletely suppresses the checkpoint defects caused by the
mcem6IL mutation. To confirm that the observed mcm6IL de-
fects on the DNA replication checkpoint were caused by the
loss of interaction between Mcm6 and Mrcl, we fused the
mcm6IL ORF with the Mrcl ORF and examined the effects of
the expressed fusion protein on cell cycle progression, cell
viability, and Rad53 phosphorylation under MMS-induced
replicative stress. We replaced the termination codon of
memo6IL with the initiation codon of MRC] to yield a contin-
uous fusion of the entire ORFs. The fusion protein was ex-
pressed in mcm6IL rad9A double mutant cells as the sole
source of Mcm6. The expression of the fusion construct was
confirmed by Western blotting (Fig. 7D). Expression of the
fusion protein in memo6IL rad9A cells restored cell viability, cell
cycle delay, Rad53 phosphorylation, fork stabilization, sup-
pression of late-firing origins, and suppression of spindle elon-
gation in response to MMS treatment, to the same level as in
rad9A cells (Fig. 7A, B, C, and E), suggesting that the physical
interaction between Mcm6 and Mrcl is essential for the acti-
vation of the DNA replication checkpoint in response to MMS.

SENSING MMS DNA DAMAGE REQUIRES Mcm-Mrcl INTERACTION 5017

DISCUSSION

Here we screened for binding partners of Mrcl among Mcm
helicase subunits and found that Mrcl bound specifically to
Mcm6. We narrowed the interaction site to within the 11-
residue C-terminal region and the 344-residue middle region
of Mcm6 and Mrcl, respectively. Mutation of two relatively
large hydrophobic residues (isoleucine and leucine) within the
11-residue region of Mcmb6 to alanine completely abolished the
interaction between Mcm6 and Mrcl. These results strongly
suggest that association between these two proteins involves a
direct hydrophobic residue-mediated interaction between de-
fined domains. We generated a new mutant allele of MCMo0,
mcm6IL, in the yeast chromosome, which harbored the isoleu-
cine/alanine and leucine/alanine substitutions. Although bind-
ing between Mrcl and the Mcm complex, as represented by
Mcm6 and Mcm?2, was weakened in mcm6IL cells, the inter-
action between the Mcm complex and Tofl or Csm3 was not
affected, suggesting that Tofl and Csm3 interact with subunits
or sites other than Mcm6 in the Mcm complex. The mcm6IL
mutant alone was insensitive to HU or MMS, but the mcm6IL
rad9A double mutant showed additive sensitivity to MMS but
not HU. From these data, we hypothesized that binding be-
tween Mcm6 and Mrecl is specifically required for activation of
the replication checkpoint in response to MMS-induced repli-
cative stress. This hypothesis was strongly supported by our
finding that all MMS-related checkpoint defects were sup-
pressed upon expression of an Mcm6IL-Mrcl fusion protein.
In the absence of a replication checkpoint, DNA damage is
likely to accrue. The presence of the DNA damage then leads
to the engagement of the Rad9-dependent DNA damage
checkpoint, resulting in only modest sensitivity to the presence
of alkylating DNA damage in S phase despite the absence of
the replication checkpoint. Upon removal of both checkpoint
pathways, sensitivity is greatly increased, and all of our data are
consistent with this interpretation.

Our results provide new insight on the mechanism by which
Mrcl and Mcm6 sense DNA damage during S phase. The loss
of interaction between these proteins led to a complete and
selective loss of DNA replication checkpoint activation in re-

Positions of 1C and 2C cells are shown. Asyn., asynchronous. (C) Rad53 phosphorylation in response to MMS-induced replicative stress in various
mutants. Cells were arrested in G, phase by a-factor and then released into S phase at 23°C in the presence of 0.03% MMS. Samples were
withdrawn at indicated times, and cell extracts were prepared. Rad53 was detected by Western blotting using anti-Rad53. Phosphorylated Rad53
is indicated by a circled P. (D) Identification of the fusion protein in vivo. Cells carrying various mutations, as indicated, were grown to prepare
cell lysates. The lysates were fractionated by SDS-PAGE, and Mcm6 was identified by Western blotting using anti-Mcm6. The asterisk indicates
a nonspecific band recognized by anti-Mcm6. (E) Anaphase progression delay, DNA replication fork stabilization, and suppression of late-firing
origins are defective in the mem6IL rad9A double mutant in response to MMS-induced replicative stress. Suppression of spindle elongation is
defective in mcmo6IL rad9A strains in the presence of MMS. Cells were arrested by a-factor and then released into YPD containing 0.03% MMS
at 23°C. Cells were collected at 90 min after release into MMS and fixed by addition of formaldehyde to the culture. Nuclear and microtubule
structures were visualized with DAPI (4',6-diamidino-2-phenylindole) and antitubulin, respectively, as described previously (3). At least 150 cells
were examined for each strain. (F) Fork stabilization and suppression of late-firing origins are defective in mcm6IL rad9A cells in response to
MMS-induced replicative stress. Distribution of Cdc45 on chromosome VI in wild-type, rad9A, memo6IL rad9A, and mem6IL-MRC1 rad9A cells
in the presence of 0.03% MMS was determined by ChIP-chip experiments. Cells were arrested in G, phase by a-factor and then released into S
phase at 23°C in the presence of 0.03% MMS for 30 min. ChIP analysis was carried out as described previously (1). Each blue bar represents the
binding ratio of Cdc45 at each locus and shows significant enrichment in some of the IP fractions. The yellow line represents the average signal
ratio at loci that are not enriched (gray bars) in each IP fraction. The scale of the vertical axis is log,. Positions of the centromere (CEN6) and
all previously mapped autonomous replicating sequences (ARSs) are shown. The horizontal axis indicates the length of chromosome VI in
kilobases.
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sponse to MMS-induced DNA damage, suggesting that the
Mrcl-Mcm6 interaction serves as a specific sensor of MMS-
induced DNA aberrations in S phase as well as an important
mediator between Mecl signaling and Rad53 activation. Re-
cently, Mrcl was reported to interact with Pole, the catalytic
subunit of DNA Pole that is essential for leading-strand DNA
replication and for checkpoint activation (23). Mrcl was re-
ported to interact independently with both the N- and C-
terminal halves of Pole. Interestingly, the region of Mrcl that
we mapped for interaction with Mcmb6 is located between the
sites of Pole interaction. In the mcm6IL mutant, we could still
detect interaction between Mrcl and Dpb2, a subunit of Pole,
at the same level as that in wild-type cells, suggesting that the
Mrcl-Pole interaction may be involved mainly in sensing HU-
induced replicative stress. Thus, the interaction of Mrcl with
both a helicase and a polymerase is important for proper Mrcl
function to sense different types of replicative stress for the
activation of the DNA replication checkpoint and protection of
the replisome. Mcm was reported to physically interact with
ATRIP and is phosphorylated by ATM and ATR in HeLa cell
extracts (5). The Mcm complex may provide a platform for
multiple regulatory inputs through interaction with Mrcl and
ATR to regulate DNA replication in higher eukaryotes.

Biochemical studies in vitro suggest that during DNA un-
winding Mcm binds to only one strand of a duplex correspond-
ing to the leading strand of a replication fork, and Mcm pro-
gression stops at a nick in either strand (15). As a DNA nick is
the major intermediate during repair of alkylated DNA (42),
the Mrc1-Mcm interaction may function to sense helicases that
are arrested in front of nicked DNA. Claspin, a putative ho-
molog of Mrcl in Xenopus laevis, was reported to participate in
the detection of chromosomal double-stranded DNA breaks
(44), which may be relevant to our findings. As such, it would
be interesting to examine changes in the biochemistry of the
Mcm helicase upon binding to Mrcl.
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